ABSTRACT. LDSS-2 is a wide-field, multiaperture spectrograph recently installed on the 4.2-m William Herschel Telescope (WHT) in La Palma. The spectrograph has high system throughput (including the telescope and atmosphere) of ~20% at blaze. The field of view is 11.5 arcmin, allowing it to produce spectra of several tens of objects simultaneously at spectral resolutions up to R = 1000. The multi aperture masks are of exceptional quality and can be designed and manufactured rapidly at the telescope to improve target-mask registration and observational flexibility. This paper descri~es the instrument, the mask manufacturing facility, and the observing procedures required to acquire the"target fields. Finally it presents examples of data obtained during the first commissioning run.
INTRODUCTION
In the mid-1980s, work was started on an instrument optimized for survey cosmology for the Anglo-Australian Telescope (AAT). This was to provide low-resolution spectra of large numbers of cosmologically interesting objects simultaneously at the faintest possible magnitudes. The optical design (Wynne and Worswick 1988 ) offered a field of view programs including redshift surveys of field galaxies and stellar objects (Colless et al. 1990 (Colless et al. , 1991 .
Subsequently, it was proposed to build a common-user version for the Herschel Telescope in La Palma. The requirement that this should be a common-user facility instrument and the lack of a Cassegrain observing cage at the WHT meant that LDSS-2 would need to be fully automated. Modifications were required to the optical system to operate at the different Cassegrain focal ratio of the WHT, to exploit the better image quality on La Palma, and to. accOlPPlodate separate grism and filter wheels. fu addition, an on-line mask manufacturing facility was to be provided to iIJ?prove observational flexibility.
it LDSS-2 was built by the Astronomical Instrumentation Group of Durham University in collaboration with the Royal Greenwich Observatory (RGO) , who were also responsible for the provision of the detector system. The instrument was delivered to the WHT in the spring of 1992 and commissioned in March and April with a Tektronix CCD. The commissioning was very successful and good astrophysical results were obtained. After that, LDSS-2 was scheduled on a shared-risk basis in August 1992 with a short period of further commissioning preceding it. From 1993 onwards, LDSS-2 has been supported by the telescope staff as a facility instrument.
This paper describes the instrument and its performance and shows examples of results from the first commissioning run. Section 2 lays out the scientific goals for the instrument. The instrument is described in Sec. 3 together with performance results from measurements in the laboratory and at the telescope. Finally some examples of data collected during the commissioning run are presented in Sec. 4 . Further details of LDSS-2 can be found in Shaw (1994) and further examples of results from commissioning are presented by Glazebrook et al. (1994) .
SCIENTIFIC GOALS
The main scientific purpose of LDSS-2 is to study statistical samples of cosmologically significant populations, including field galaxies and rarer objects such as QSOs as well as galaxies in cluster and groups. Figure 1 shows how a multi aperture spectrograph is matched to such populations assuming a minimum useful multiplex gain of 5 and a limiting magnitude taken from the galaxy redshift survey of Glazebrook et al. (1994) . The maximum multiplex gain depends on the spectral format employed but is generally 50-100. The confusion limit, at which the object density becomes so high that accurate sky subtraction becomes impossible is also indicated for both unresolved objects and faint galaxies in average seeing conditions.
The corresponding optimal region for a multifiber system with a 45 arcmin field of view is also shown. The limiting magnitude is taken to be ~ 1 mag less than for a multiaperture spectrograph based on experience from survey programs which have included both fiber and multislit observations. The main problem is the reduced accuracy of sky subtraction resulting from the lack of contiguous sky information and fiber-to-fiber calibration problems. However, fiber systems 
stars Slits have access to a larger field of view and so can sample populations with a lower surface density than would be efficient for mu1tislit instrumentation. From this, it can be seen that multi aperture spectrographs are well matched to surveys of field galaxies with B > 19 and clusters at redshifts where the angular size of the cluster/ group is similar to the field of view. Although this instrumentation is not appropriate for QSOs, it is likely to be effective for primeval galaxy populations with surface densities intermediate between QSOs and field galaxies. Clearly, the main requirement for survey astronomy is a large field of view. This, and the need to observe very faint objects, dictates the use of a multislit approach with highthroughput, wide-angle optics. The required spectral resolution is R=>"/d>"';;;;I,OOO with a nominal slit width of 1 arcsec. This is sufficient for observations of objects with narrow absorption lines with a slit matched to the typical extent of a faint galaxy and to measure velocities to an accuracy set only by the telescope tracking/guiding and instrument flexure (30 km s -1 for LDSS-2 using the data in Sec. 3.3). This range of spectral resolution can be provided efficiently by grisms with a modest pupil size (70 mm). The wavelength range over which good image quality and throughput is maintained needs to be sufficient for observations of normal galaxies to z~l implying a wavelength range of 370-750 nm in order to observe [0 II] >"3727. This range also avoids the strong atmospheric OH lines in the near-infrared which are hard to subtract at low dispersion and allows the use of Mask blanks efficient multilayer antireflection coatings to maXllllize throughput. The image scale is aimed at integrated spectroscopy of faint, extended objects, whose size is typically ~2 arcsec. With current CCD technology, the full field of view ( ~ 12 arcmin) can be sampled on a spatial scale (~0.6 arcsec pixel-I) which provides sufficient oversampling for a 1.5 arcsec slit. Finally, the multiaperture masks must be precisely registered with the target field to maximize throughput. This requires an imaging mode to obtain the necessary contemporaneous astrometry and to allow the fields to be acquired securely. A fast and accurate manufacturing system is also needed to allow masks to be made at the telescope from these data.
3. DESCRIPTION Figure 2 shows a schematic of the main components of LDSS-2 and the main characteristics are summarized in Table 1 .
Optical System

Overview
The optical system of LDSS-2 (derived from the original LDSS-l design of Wynne and Worswick 1988 ) is shown in LDSS-2 FOR WHT 985 Fig. 3 . The telescope is focused onto a multiaperture mask held in an eight-position wheel. After passing through the apertures in the mask, the input fill beam is converted to a parallel beam, 70 mm in diameter, by a telephoto collimator, before passing optionally through a filter and grism. The collimator pupil-relay lens produces an image of the telescope pupil which coincides with the midpoint of the ruled surface of the grism. The dispersed or filtered light is then focused by the camera onto an external detector with a final focal ratio of f12. The camera has a fine focus adjustment to optimize image quality for different wavelengths of interest. Removable Hartmann masks are provided in the filter and grism wheels to aid focusing. The calculated image quality is shown in Table 2 . This shows that ~90% of the light falls within a diameter of 35 /Lm (1.5 Tektronix CCD pixels) without refocusing the optics. By withdrawing masks and grisms, LDSS-2 works as a focal-reducing wide-field imager. This capability is essential for target acquisition and allows astrometry for mask manufacture to be obtained during the same observing run.
Four grisms are provided of which three can be mounted in the grism wheel at the same time. Each consists of a classically ruled blazed grating replicated on the long surface of a BK7 prism. Together, they cover a range of spectral resolution 200<R.;; 1000 with a slit width of 1 arcsec (Table  3) .
Up to seven filters can be mounted in the filter wheel at once. Three broadband filters (the BVR NOAOlHarris set) are provided together with three other filters designed to suppress unwanted sp~ctroscopic orders.
LDSS-2 is designed to interface with standard RGO detector systems. So far, LDSS-2 has been used with a thinned Tektronix 1024 X 1024 CCD which has good quantum efficiency and covers a field of lOX 10 arcmin vyhich almost completely fills the undispersed field of :View (Table 4) .
Performance
Laboratory measurements of the throughput of the main optics, grisms, and detector are shown in Fig. 4 .
During the commissioning run, the throughput of the complete system was calculated by observations of spectrophotometric standard stars (see Shaw 1994 for further details). Figure 5 summarizes the results for the medium-and high-dispersion grisms. The efficiency includes the atmosphere (corrected to unit air mass), telescope, optics (camera and collimator), grism, and CCD. For both mediumdispersion grisms, the peak efficiency exceeds 20%. Table 5 gives a comparison of the measured system throughput with the efficiency of the optics, grism, and CCD measured in the laboratory before integration (Fig. 4) together with estimates of the reflection losses for the telescope mirrors and atmospheric absorption (King 1985) . This indicates that, when used with the Med/Blue grism, the measured total efficiency is 70%-90% of that predicted.
The image quality could not be confirmed directly during commissioning because the image scale at the detector was too coarse to sample fully the expected point-spread function and because the astronomical images were broadened by the seeing profile. Problems with determining and maintaining the best telescope focus also helped to prevent meaningful quantification of the image quality. However the results are consistent with the predicted point-spread function in that no unexpected degradation in image quality was experienced which could not be accounted for by any of the factors mentioned above.
Distortion was measured using a mask containing a regular array of holes. This information is required to provide mapping between the telescope and detector focal surfaces so that masks can be made directly from a direct image of the target field. Within the errors, the distortion was symmetric about a single position within the field, and could be approximated by a quartic dependence on radius. The maximum fractional distortion (at the field edge) was found to be -1 %. The chromatic nature of the optical system means that the distortion is marginally wavelength dependent. For example, the maximum distortion varies by -0.2% over the wavelength range 480-668 nm. The RMS residuals to the distortion mapping are 0.1-0.2 arcsec at the edge of the field which indicates the worst-case fitting error when making masks from direct images.
Mechanical System
Overview
The optics and associated mechanisms are mounted in a cylindrical mild steel fabricated structure which can be divided into three parts for assembly and to give access to the internal parts. The mechanisms, all of which are remotely configurable by the observers, are the aperture wheel which contains positions for seven multiaperture masks plus one clear position for imaging, the grism wheel with three positions for grisms and three clear positions (two of which can optionally hold filters or Hartmann masks), the filter wheel which can mount up to seven filters of 100 mm diameter with one clear position, the camera focus mechanism which allows the camera to move along the axis by ±OA mm with a position resolution of -5 ,urn, latches for the two access doors (which are opened manually but locked remotely), and an exposure shutter. These mechanisms and their internal assemblies are all constructed from aluminium, as are the supporting mechanisms. In practice, the mixed aluminiumsteel construction does not give significant problems with differential thermal expansion. All the optical components are kinematically mounted.
The angular position of the wheels, for each station containing a mask, filter, or grism, is precisely determined by a pneumatic plunger driving into V blocks which are located along the wheel rim. The aperture wheel requires the greatest positioning accuracy so that the slit can be precisely located to give images in the same place on the detector to a fraction of a pixel. This locating mechanism also ensures that the aperture wheel is held at the correct focus position along the optical axis.
Flexure Performance
Flexure tests at RGO showed that the image of a point source moves by a maximum of 5 !Lm for an attitude change of 15°. Hysteresis effects were found to be small, amounting to a total of 8 !Lm when the instrument attitude was varied cyclically over a zenith distance of ::!::60° (Fig. 6 ). These results were verified at the telescope by taking a series of exposures covering several hours while tracking objects through the meridian. This is a sensitive test of any error in the assembly of the integrated instrument. The results were consistent with the laboratory measurements and did not exceed the laboratory worst case.
The accuracy of velocity determinations depends primarily on the frequency with which wavelength calibrations are repeated so that the flexure can be modeled precisely. Our flexure results indicate that, if the wavelength calibration is repeated only once in an hour, the maximum uncertainty in position is 0.12 arcsec which corresponds to a wavelength uncertainty of 0.05 nm with the high-dispersion grism. This is equivalent to a velocity measurement accuracy of 30 km s -1 at 500 nm provided that the signal/noise in each resolution element exceeds 10.
Control System
The various mechanisms (four stepper motors and various pneumatic actuators) are controlled from a local controller based on an RGO-4MS microprocessor system, with the exception of the exposure shutter which is controlled from the detector system. Mechanism status is read from various proximity switches and transducers using the same hardware. Hardware and software interlocks are provided to prevent damage either to the instrument or incautious staff. The stepper motor drive pulses are derived from an RGO Stepper Motor Drive Module (SMDM). The use of standard observatory modules simplifies the maintenance of the instrument by operations staff.
The local controller can be operated locally from an engineering terminal or via an ethernet network which connects it logically to all other telescope and instrument systems. Through this route the local controller executes commands emanating from the system computer in the control room and returns status information to it. Extensive tests with a full system simulation before installation at the telescope provided evidence for a high level of control system reliability. After installation this was found to drop, probably because of the electrically noisy telescope environment. However the reliability of the whole system at the telescope was found to be good with system downtime dominated by telescope problems unrelated to the instrument.
Observer Software
LDSS-2 is controlled via an ADAM interface in a similar way to other instruments at the WHT. The observer types in simple commands followed by optional parameters which control the aperture, grism and filter wheels, camera focus, and the access doors. LDSS-2 works with standard RGO detector systems so the detector is not logically part of LDSS-2. It is controlled by high-level ADAM commands similar to those which control the configuration of LDSS-2.
An integral part of LDSS-2 is the LEXT software package which allows the observer to design the masks, acquire the target fields by calculating the telescope offset required to map the slits onto the targets, and reduce the data. Further information of the first two of these functions are given in Secs. 3.5 and 3.6. The data reduction follows standard procedures with adaptions for multislit use with the aim of providing a high level of automation. The software provides procedures for flat-fielding using dispersed flat-field exposures, wavelength rectification using scrunch coefficients determined individually for each slit (to account for, e.g., optical distortion), sky subtraction by modeling the spatial and wavelength dependence of the sky level, optimal extraction and positional rectification to allow sky tangent plane coordinates to to be determined from detector coordinates. LEXT was based on an original written by Richard Hook but has been much modified by the Anglo-Australian Observatory and Durham. The new version is a Starlinkcompatible program which runs on a workstation at the telescope and at Starlink nodes for pre-observation preparation or post-observation data reduction. See Tanvir (1992) for further details.
Multiaperture Masks
Overview
The multiaperture masks consist of a number of rectangular slits (typically 330 ,um wide = 1.5 arc sec) cut in a brass disk. The masks may be made at the telescope by a specialized manufacturing facility which provides masks of very high quality with a short lead time (10-30 min). The system used during commissioning was based on a Roland CAMM-3 milling/engraving machine. This has a rotating cutting tool which moves in the direction corresponding to the optical axis of the instrument while the mask is held in a jig attached to a table which moves in the orthogonal directions. CAMM-3 has now been replaced with a Bridgeport Interact-4 CNC milling machine which offers greater operational flexibility.
The slits have a V-shaped profile determined by the shape of the tip of the cutting tool and the depth of cut. This is important since it prevents defocusing at the slit edge since the angle of the bevel is sufficient to accommodate the full angular extent of the input ray bundles. The beveling means that the mask can be made relatively thick which eliminates problems of sagging or other dimensional instability. For LDSS-2, 0.5 mm engraving brass was used with high lead content to prevent burring (59% Cu, 39% Zn, and 2% Pb).
The most convenient way to design the masks is to use LEXT. The software has facilities to read in a list of celestial coordinates and predict the corresponding position of the direct image of each target and the location of the spectrum on the detector for an assumed slit geometry. From this, the observer can interactively edit the target list and slit parameters to optimize the mask design. It is possible to make masks from coordinates supplied from an analysis of a direct image taken with LDSS-2 so that masks can be made from scratch close to the time of observation for use during the same observing run or on the same night.
Performance
The slits cut by CAMM-3 (Fig. 7) have very high quality edges similar to those of precision slit jaws used for long-slit spectroscopy. The ends are semicircular leading to a small loss in the usable length of the slit. Measurements taken during commissioning of the throughput as a function of position along the slit indicate that the pixel-to-pixel variance of the slit width is ~0.3% (i.e., ~l JLm=0.005 arcsec). This is an upper limit since other sources of noise dominate. In contrast, for the photochemically etched masks used initially with LDSS-l, the figure is 2%. Therefore, in any practical application, the LDSS-2 masks make negligible contribution to the system noise.
Another important performance issue is the accuracy with which the masks can be repositioned. The main requirement is that the masks can be removed from the optical axis by rotating the aperture wheel and then repositioned without loss of registration. This is necessary for the alternative target acquisition technique described in Sec. 3.6. Measurements under a variety of conditions suggest that this error is typically 0.05 arcsec and <0.1 arcsec in all circumstances.
Target Acquisition
The basic acquisition technique is summarized in Fig. 8 . Using the recommended technique for multiobject fields, the masks include reference holes of diameter -10 arcsec (or smaller depending on the pointing accuracy and seeing) designed to correspond to the location of a set (;;"3) of reference stars within the field of view. These should be bright enough to be seen in a short integration direct image but not so bright as to cause charge bleeding effects in a long spectroscopic exposure. (Experience with the Tektronix CCD suggests a brightness in the range l7<V<19.) Their positions should be known accurately with respect to the spectroscopic targets.
The target field is acquired by a blind offset from a nearby bright pointing recalibrator star (which can be seen on the direct acquisition TV). The position of this relative to the reference stars should be known to an accuracy of much less than the reference hole diameter (Le., <2 arcsec). This star could be one of the set of reference stars.
A short (typically 30 s) direct image of the target field is then taken through the mask. The reference stars should now be visible through the mask but not generally at the centers of the holes. LEXT will calculate the displacement between the star images and the centers of the holes and generate a set of displacement vectors which then yields the offset (translation and rotation in the tangent plane) that should be applied to the telescope to map the stars onto the centers of the holes. This offset is applied to the telescope while the facility autoguider works in closed-loop to avoid the possibility of the telescope drifting while the offset is made. The procedure is then repeated to check that the stars now appear at the centers of the holes.
During commissioning, the standard acquisition procedure routinely resulted in fields being acquired to accuracies of better than 0.1 arcsec. Since this generally required only a single iteration, it was possible to keep the acquisition overhead down to about 10 min.
Variants of this basic technique were developed to cope with the case where the reference star astrometry is either absent or suspected to be systematically offset from the astrometry of the targets. In this case, the technique is modified so that a direct image of the target field is compared with a stored image of the back-iIIuminated mask. The telescope offset is then calculated using the offset between the targets themselves and the corresponding slits. In general this re-quires a longer exposure time than for the standard technique to give sufficient signaVnoise to determine the centroids of the targets reliably. However, this is not a problem since it is only necessary to obtain centroids for a small number of the (brighter) targets and it is also possible to use positions from other bright objects which appear in the field but are not assigned to a slit since a virtual slit can be synthesized in software. This technique avoids the need for reference star holes in the masks so that the full focal plane can be used more efficiently.
Although this technique offers some advantages over the standard method, it should be noted that it makes greater demands on the mask repositioning accuracy and requires that the mask is removed from the beam in order to check the integrity of the acquisition. In contrast, with the standard technique, the mask remains in place throughout the acquisition and observation sequence and it is only necessary to briefly remove the grism and take a short direct image to check that the reference stars still appear at the center of their holes. In fact the repositioning accuracy is <0.1 arcsec (Sec. 3.5) which is comparable to the accuracy routinely obtained with the standard acquisition method.
All these acquisition techniques are implemented by LEXT procedures.
EXAMPLES OF DATA FROM COMMISSIONING
Some astrophysical results from the first commissioning run for a deep redshift survey of field galaxies are presented by Glazebrook et al. (1994) . Redshifts were measured for about three-quarters of a sample defined by 22.5<B<24 with integration times of 3-4 hr. Other results, from an astrophysical program started during commissioning (Allington-Smith, Oemler, Ellis, and Zirbel) investigating the environmental dependency of the Butcher-Oernler effect via spectroscopy of blue galaxies associated with poor radio-selected galaxy groups, are shown in Figs. 9 and 10. Figure 9 shows an image from a 10,000 s integration of the field of the radio galaxy 5CI2.251.D (see AllingtonSmith et al. 1993 and references therein) at redshift z=0.31. It can be seen that the inclusion of the holes for the reference stars, whose spectra show up as dark bands, does not significantly reduce the fraction of the field available for spectroscopy. In this case, the full field of LDSS-2 is not used since the spectroscopic candidates were drawn from a sample based on CCD photometry which covered only the central 1 Mpc of the group. FIG. 10000pectra of those galaxies which were confirmed as members of the 5C12.251.D group obtained from the data shown in Fig. 9 . Objects 218 and 154 were observed with a multislit system retrofitted to the WHT ISISI FOS-2 spectrograph (Allington-Smith et al. 1990 ). The spectra are reduced to the same scale of flux density (in arbitrary units) but with an offset of 1 X 10 4 in the vertical scale. From top to bottom, the spectra are (a) Object 217, V=19.0, z=0.3134; (b) Object 218, V=19.3, z=0.3149; (c) Object 131, V=20.5, z=0.3153; (d) Object 121, V=20.4, z=0.3119; (el Object 180, V=20.2, z=0.3119; (f) Object 154, V=21.3, z=0.3182. 1994PASP..106..983A with the field is low, it is necessary to obtain spectra of all objects in the field which satisfy a color criterion in order to determine which are true group members. For this field, as expected, most of the targets turned out to be emission-line galaxies unrelated to the group. The spectra of those which were confirmed as group members are shown in Fig. 10 (see the figure caption for details). Some of the group members were observed with a multislit system with multiplex gain ~8 which was retrofitted to the ISISIFOS spectrograph (Allington-Smith et al. 1990 ). These spectra are also shown in Fig. 10 for completeness. The mask design, generated using LEXT, is shown in Fig. 11 .
CONCLUSIONS
We have described a common-user multiaperture spectrograph designed to study samples of faint galaxies over an 11.5 arcmin field. It has high throughput (20% at peak for spectroscopy) and spectroscopic versatility allowing resolving powers up to R = 1,000 with a slit width matched to the typical extent of faint galaxies.
A similar instrument on an 8-m telescope would be expected to reach a limiting magnitude of B=25 in a 6-hr integration, based on an extrapolation from the magnitude limit of Glazebrook et al. The Keck LRIS (Oke 1994 ) is already capable of working in this regime. Other instruments which should have this capability are planned for the VLT (Appenzeller et al. 1992) , SUBARU (lye 1994), and GEMINI (Allington-Smith and Davidge 1994) projects. As well as utilizing a large aperture, these instruments will be LDSS-2 FOR WHT 991 able to exploit the superior image quality of the new generation of telescopes made possible by careful control of both the telescope's figure and its interaction with the environment and through the use of fast guiding. (The CFHT MOS/ SIS is an example of 4-m instrumentation with this ability; Crampton et al. 1992 .) This will enable the limiting magnitude to be pushed even fainter by improving the detectability of compact features in faint galaxies. These instruments will also permit spatially resolved spectroscopy of those galaxies which are only just detectable via integrated spectroscopy with 4-m instrumentation. The design of these instruments is a major challenge since they must provide better image quality and stability than the present generation of 4-m instruments, despite their greatly increased physical size.
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